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In traditional models of heteroepitaxy, the substrate serves mainly as a crystalline template for the thin-film lattice, dictating the initial roughness of the film and the degree of coherent strain. Here, performing in situ surface x-ray diffraction during the heteroepitaxial growth of LaTiO 3 on SrTiO 3 (001), we find that a TiO 2 adlayer composed of the ð ffiffiffiffiffi ffi 13 p Â ffiffiffiffiffi ffi 13 p ÞR33.7°and ð ffiffiffi 2 p Â ffiffiffi 2 p ÞR45.0°reconstructions is a highly active participant in the growth process, continually diffusing to the surface throughout deposition. The effects of the TiO 2 adlayer on layer-by-layer growth are investigated using different deposition sequences and anomalous x-ray scattering, both of which permit detailed insight into the dynamic layer rearrangements that take place. Our work challenges commonly held assumptions regarding growth on TiO 2 -terminated SrTiO 3 (001) and demonstrates the critical role of excess TiO 2 surface stoichiometry on the initial stages of heteroepitaxial growth on this important perovskite oxide substrate material.
INTRODUCTION
The development of a preparation method to consistently produce an atomically flat SrTiO 3 (STO) (001) surface (1) was a major milestone in enabling the growth of perovskite epitaxial thin films. This method, and modified versions of this method (2) (3) (4) (5) , involves the removal of SrO at the surface by a chemical means, ensuring an atomically smooth, TiO 2 -terminated surface by annealing in an oxidizing environment. The resulting surface exhibits a step-and-terrace morphology with step heights equivalent to one STO unit cell (~0.4 nm) (Fig. 1A) . It is typically assumed that the prepared STO substrate is terminated by a single TiO 2 plane on the basis of the surface morphology and the 1 × 1 diffraction pattern obtained by in situ reflection high-energy electron diffraction in the growth chamber.
TiO 2 -terminated STO is ideal for the epitaxial growth of ABO 3 perovskite materials, as it allows continuation of the AO-BO 2 stacking sequence along [001] , provided that one uses a digital synthesis technique such as oxide molecular beam epitaxy (MBE) (Fig. 1B) (6) (7) (8) . The importance of being able to precisely control layering on the atomic level cannot be overstated, as it has been key to the discovery of quantum phases and a variety of emergent phenomena at the interface between STO and other complex oxides (9) (10) (11) (12) (13) (14) (15) (16) (17) . For instance, a number of research groups have discovered two-dimensional electron gas (2DEG) formation and even superconductivity (18) at the TiO 2 -terminated interface between LaAlO 3 and STO but not at the SrO-terminated one (19) . The behavior is strongly thickness dependent, with the 2DEG arising only for LaAlO 3 films that are four unit cells or thicker; heterostructures with a thickness of three unit cells remain insulating (20, 21) . Using digital pulsed laser deposition (PLD), Jang et al. (22) found that inserting a single layer of RO (where R is a rare-earth element) between the TiO 2 layers of STO also led to 2DEG formation and local electron correlations. In more recent years, high-temperature superconductivity has also been discovered in single-layer FeSe films grown specifically on the TiO 2 -terminated STO (001) surface (23, 24) .
However, this surface can be structurally complex, given the multitude of surface reconstructions that have been discovered [reviewed in (25) and references therein]. The atomic structures of many of these reconstructions have been solved (26) (27) (28) (29) (30) , and these surfaces are known to be Ti rich (31) . That is, most of these surfaces are terminated by a TiO 2 double layer (DL), consisting of a TiO 2 adlayer formed by cornerand edge-sharing TiO 5 □ octahedral units (where □ is a vacant site) residing atop a bulk-like TiO 2 plane (29) . Furthermore, given the local network structure of the (001) reconstructions featuring recurrent structural motifs and their similar surface energies (29, 30, 32) , it is likely that this surface is a 2D glass composed of several different TiO 2 DL reconstructions.
In this work, we use oxide MBE with in situ surface x-ray diffraction (SXRD) to investigate the surface of (001)-oriented STO and study the effects of the surface structure on the initial stages of LaTiO 3 heteroepitaxial growth. Although LaTiO 3 is a Mott-Hubbard insulator and STO is a band insulator (33), the LaTiO 3 /STO system exhibits metallic conductivity (9) and is a well-known system for probing charge modulation at the atomic scale (34) . We find the presence of a TiO 2 DL and observe that the atomic planes continuously rearrange during LaTiO 3 deposition, challenging commonly held assumptions regarding layer-by-layer growth on STO (001) and providing a new model for engineering interfacial phenomena in the complex oxides.
RESULTS AND DISCUSSION
The STO substrates were prepared by the standard etch-and-anneal method as described in (2) (see Methods). This procedure yields the atomically smooth, step-and-terrace surfaces shown in Fig. 1A and  fig. S1 . We determined the out-of-plane structure of the (001) substrate immediately before heteroepitaxial growth by measuring the specular rod under both nonresonant (NR) (15.0 keV) and resonant (R) conditions (16.1 keV, near the Sr K-edge) (35) . The structure was determined by simultaneous fitting of the NR and R specular rods using a density functional theory (DFT)-constrained procedure (36), as described in section S2.
The results for two different substrates are presented in Fig. 2 (A and  B) , where the momentum transfer q is expressed in terms of reciprocal lattice units (r.l.u.) referenced to the STO room temperature lattice parameter. As observed, there are substantial differences between the NR and R spectra, particularly near the 001 reflection: The R spectrum exhibits a local minimum below the 001 reflection, while the NR spectrum exhibits a local minimum above the 001 reflection. This difference originates from the TiO 2 DL, and fitting permits a quantitative measure of its coverage. The fits indicate that the TiO 2 adlayer has a coverage of 80%, as modeled by a 3:1 mixture of two different (local) reconstructions:
ÞR45.0°(RT2) (37). We note here that RT13 and RT2 represent the lowest-energy surface structures in terms of a convex hull construction for STO (001) (29) . They are composed of different recurrent structural motifs found in other TiO 2 DL STO (001) reconstructions (32) and appropriately model the STO surface as a glass (section S2).
We subsequently deposited one unit cell of LaTiO 3 atop the TiO 2 DL STO by oxide MBE. As noted above, this is an oxide system that has garnered considerable attention: Although both are insulators, the interface between them has demonstrated both metallic (9, 10) and superconducting (38, 39) behaviors, sparking widespread interest in understanding interfacial properties in the complex oxide community (19, (40) (41) (42) . Individual monolayers (MLs) of LaO and TiO 2 were deposited on STO substrates via two distinct layer sequences. On substrate STO #1, 1 ML of TiO 2 was deposited atop 1 ML of LaO 2 (T/L); on substrate STO #2, 1 ML of LaO was deposited atop 1 ML of TiO 2 (L/T). In Fig. 3 (A and B) , we present the specular rods measured in situ at 700°C in 1 × 10 −7 torr O 2 following the deposition of each ML under the T/L and L/T deposition sequences, respectively. As expected, the initial deposition of either LaO or TiO 2 on the TiO 2 DL STO (001) surfaces results in different specular reflectivity curves (lower NR and R curves in Fig. 3 ). The subsequent deposition of TiO 2 or LaO results in nearly 
ÞR45.0°(RT2) (37) reconstructions (below). DFT-constrained fit results (dashed lines) for the bare STO #1 (A) and STO #2 (B) substrates. The intensity is given by the square of absolute x-ray structure factor (|F| 2 ). Points near the Bragg peaks were excluded from the fits.
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To determine the final structures after both LaO and TiO 2 deposition, we first calculated the specular reflectivity curves directly from DFT-determined surface structures. Using the nomenclature in which the layers progress from surface to bulk (SrO-terminated STO), these would be LaO/TiO 2 /TiO 2 /TiO 2 (/SrO) or LTTT and, similarly, TLTT, TTLT, LTT, TLT, and TTL. These structures and the corresponding calculated specular reflectivity curves are presented in fig. S4 .
We proceeded to fit the four upper curves in Fig. 3 (A and B) following the same DFT-constrained fitting procedure used for the bare STO (001) surfaces. A linear combination of the TTLT and TLT model structures provides the best agreement with the specular reflectivity data, with the results shown in Fig. 4 . Similar to the case of the bare substrate, the NR and R specular rods are highly distinctive and sensitive to the exact compositional arrangement at the surface owing to the high phase contrast between the different layers near an absorption edge. The final structures were characterized by 72% TTLT/28% TLT and 85% TTLT/15% TLT for the T/L and L/T deposition sequences, respectively. The overall TiO 2 adlayer coverages in these final structures (0.72 ± 0.05 ML for T/L and 0.85 ± 0.05 ML for L/T) are in reasonable agreement with the TiO 2 adlayer coverages found before deposition, suggesting that the TiO adlayers on the STO substrates have diffused to the surface over the course of the thin-film growth process. As the through-thickness structure evolves during growth, we conducted time-resolved measurements at the 00 1 2 anti-Bragg peak during deposition to obtain insight into the dynamic rearrangement processes that take place at the surface. Figure 5 shows the scattering geometry, including the scattered intensities collected by an area detector and a slice of the background-subtracted data along the in-plane momentum transfer (q || ) direction (inset). The scattered intensity can be divided into two components: specular (at q || = 0) and diffuse (at q || ≠ 0) (43) (44) (45) . The diffuse intensity originates from the presence of islands on the surface, with a profile that depends on the island distribution. It can be analyzed according to the following equation
which originates from a phenomenological model describing scattering from polydisperse, circular islands on a surface (45) (46) (47) . Here, q 0 is the peak position (along q || ) and x is a measure of the peak width (with larger x corresponding to a sharper peak). The parameter q 0 provides a measure of the mean interisland distance according to d i-i = 2p/q 0 . The diffuse scattering data were fit according to Eq. 1 after subtracting a constant background and the contribution from the specular intensity, as illustrated in Fig. 5 .
The time-resolved scattering data at the 00 1 2 anti-Bragg peak are presented in Fig. 6 , showing both the specular and diffuse intensities. The results for T/L deposition sequence are shown in Fig. 6 (A to C), with the shutter timing diagram provided in (Fig. 6A) , slices along q || from −0.10 to 0 Å −1 shown in (Fig. 6B) , and the integrated specular (red) and diffuse intensities (green) shown in (Fig. 6C) . As observed, diffuse intensity (Fig. 6B ) is shown to emerge with LaO ML deposition (i.e., islands form) and then disappear with TiO 2 ML deposition (i.e., the surface smooths). Analysis of the specular reflectivity curves taken after LaO ML deposition (section S7) reveals that layer rearrangement occurs during and following the deposition of LaO, where the surface is characterized as a mixture of LTLT, LTT, LT, and TT model surface structures. In the fitting analysis, the total amounts of the deposited LaO layer and the second TiO 2 were constrained to be consistent with the experiment and the starting TiO 2 adlayer coverage on the bare STO substrate. This best-fit surface structure is also consistent with the formation of islands as indicated by the emergence of diffuse scatter. Information regarding the mean interisland distance d i-i is provided in table S4. As can be seen in scans along q || shown in Fig. 6B , the peak position for the diffuse component shifts slightly toward q || = 0 over a period of 5000 s, corresponding to a small increase in d i-i from 9 to 10 nm. The initial drop in the integrated specular intensity (red) shown in Fig. 6C results from roughening due to island formation upon LaO deposition; however, the intensity rises as the new structure forms on the Fig. 5 . Schematic illustration of the scattering geometry used in the time-resolved measurements of the specular and diffuse intensities during oxide MBE. The measurements were performed at the 00 1 2 anti-Bragg peak during the deposition processes, where the scattered intensities were collected by a Pilatus 100K area detector (detector image is shown after background subtraction). The plane of the incident (k i ) and scattered (k f ) wave vectors is set to be roughly perpendicular to the step edges. Specular and diffuse components could be seen, and slice of the data along the in-plane momentum transfer (q || ) direction is shown in the inset plot, where the diffuse scattering lobe has a peak position at q || = q 0 . The in situ scattering data and ex situ atomic force microscopy (AFM) image (2 mm × 2 mm scan area) are not related and are shown for demonstration purposes only. a.u., arbitrary units.
surface. The inverse behavior is observed upon TiO 2 deposition. The intensity continues to evolve after the TiO 2 shutter is closed (vertical dashed line), slowly relaxing over the course of~900 s after TiO 2 deposition. There is no observed change in the diffuse intensity within the same time interval. Together, these data indicate that the post-deposition behavior is due entirely to interlayer transport. We will elaborate on this after discussing the L/T deposition sequence, in which similar behavior is observed. The deposition of the initial ML (TiO 2 ) in the L/T deposition sequence (Fig. 6 , D to F) also leads to the emergence of a diffuse component, as shown in Fig. 6E . The results of fitting the diffuse intensity according to Eq. 1 are provided in table S4. In this case, no significant coarsening effect is observed between the two time scans, and the mean interisland distance, d i-i , remains fixed at~13.5 nm. The deposition of the LaO ML leads to an increase in the diffuse intensity, as shown in Fig. 6 (E and F) , with the peak of the diffuse component q 0 shifting gradually toward the specular rod. The variations in q 0 and x are plotted in Fig. 7 . Other than small artifacts in the data appearing when the La shutter is closed (vertical dashed lines), changes to the diffuse intensity continue to occur for at least another 500 s before plateauing. The mean interisland distance d i-i increases from~13.5 to~41 nm over this time period (Fig. 7A) , indicating substantial coarsening of the islands after deposition.
The specular component also exhibits time dependence (Fig. 6F , red curve). Similar to the behavior observed for the T/L deposition sequence, the scattered intensity of the specular component for the L/T deposition sequence slowly relaxes following the deposition of the final ML (TiO 2 ), after a brief transient between 7000 to 7300 s, albeit with a more pronounced variation in the intensity. To quantitatively compare the relaxation behaviors seen in the T/L and L/T deposition sequences following growth of the final MLs, the varying specular intensities were fit to an error function
Least-squares fitting of this function gave satisfactory fits for both sets of specular intensity data (Fig. 6 , C and F, dashed black curves). Besides the auxiliary prefactor A, time offset t 0 , and background I BG terms, the main quantity of interest is the characteristic time constant t.
We find t T/L = 748 ± 12 s for the T/L deposition sequence and t L/T = 1548 ± 17 s for the L/T deposition sequence, where the uncertainty is given by 1 SD. We discuss the physical meaning of these characteristic time constants in terms of atomic layer rearrangement behavior, as noted below.
The above results for the specular rod indicate that the overall atomic layer rearrangement results in the TTLT structure for the T/L deposition sequence and the same structure for the L/T deposition sequence. For the T/L deposition sequence, growth of the initial LaO ML on TiO 2 DL leads to a mixture of different structures, rather than the TLT structure that one may expect based on ideal perovskite stacking. This suggests that no thermodynamic preference or at least a large kinetic barrier exists to form the TLT structure under our growth conditions. This is in good agreement with the time-resolved diffuse scattering data, showing that intermixing of the deposited LaO layer and the preexisting TiO 2 adlayer leads to the formation of stable islands, with d i-i~1 0 nm.
The stable island structure disappears and reforms the smooth TiO 2 DL after the growth of one TiO 2 ML. The deposition of TiO 2 appears to trigger the atomic rearrangement behavior possibly because of the favorable energetics of the TiO 2 DL surface over the perovskite-like stackings of the surface atomic layers (TLT) and triple-layer TiO 2 (TTT) that would otherwise result. It is clear from the results of the L/T deposition sequence that the TiO 2 DL surface termination is preferred under the oxide thin-film growth conditions, wherein the LaO layer diffuses through two TiO 2 layers to achieve the final surface structure. This is reflected in the longer time constant for the relaxation behavior observed in the specular intensities after L/T deposition (t T/L = 1548 ± 17 s) versus T/L deposition (t T/L = 748 ± 12 s), in which some of the atomic layers have partially rearranged during the deposition of the first LaO ML.
Our observation of interlayer diffusion of the TiO 2 adlayer following thin-film deposition is consistent with the results of ex situ studies performed on PLD-grown thin films using scanning tunneling microscopy (48) (49) (50) . This is rather remarkable, given the several fundamental differences in PLD versus MBE, including the deposition energies (51) , the use of a stoichiometric target (PLD) versus the shuttered deposition of individual A and B site cations (MBE), and the oxygen pressures (~m torr in oxide MBE versus~mtorr in PLD). These previous results and the results presented in this study suggest the universal tendency of the TiO 2 adlayer on bare STO (001) to diffuse toward the growth surface during thin-film deposition.
CONCLUSION
Analogous to surfactant-based epitaxial systems (52), we observe the presence of an oxide adlayer that tends toward the surface during the growth of perovskite heterostructures. This is shown through in situ SXRD studies conducted during the deposition of LaTiO 3 on STO (001) by oxide MBE. The TiO 2 adlayer is a mixture of the ð ffiffiffiffiffi
ÞR45.0°reconstructions but without longrange order, at least under growth conditions. We performed timeresolved SXRD measurements during the growth of individual LaO and TiO 2 MLs on the TiO 2 DL-terminated (001) STO substrates using opposite deposition sequences, i.e., T/L versus L/T. The structures of the final surfaces were modeled using simple (1 × 1) structures derived from DFT, with similar TiO 2 adlayer coverages as those found on the bare STO substrates. These TiO 2 DL surface terminations were shown to reform despite the different deposition sequences, resulting in substantial differences in the evolution of island sizes and distributions, final surface 
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METHODS
(001) STO substrate surface preparation Two low-miscut (<0.1°) 10 mm × 10 mm × 0.5 mm STO (001) crystals (CrysTec) were prepared using the procedure described in (2) . The substrates were cleaned with solvents and deionized water, then etched in a buffered hydrofluoride solution (NH 4 F/HF = 3:1) of pH 5 to 5.5, and annealed at 1050°C for 3 hours in flowing O 2 (200 standard cubic centimeters per minute). The surface morphologies obtained following this preparation procedure are shown by the tapping-mode atomic force microscopy (AFM) images in fig. S1 . The substrates shown in fig. S1  (A and B) are used for the LaO-TiO 2 and TiO 2 -LaO deposition sequences, respectively.
Oxide MBE with in situ SXRD
The thin-film growth and in situ SXRD measurements were performed using a custom-built oxide MBE chamber at beamline 33-ID-E of the Advanced Photon Source (APS) (53) . The samples were heated and cooled using a temperature ramp rate of ±15°C/ min under a background pressure of 1 × 10 −7 torr O 2 , and the thinfilm deposition and SXRD measurements were performed at 700°C, as determined by an infrared optical pyrometer. LaO and TiO 2 were deposited using an effusion cell (Veeco) and a mini Ti-ball titanium sublimation source (Agilent Technologies), respectively. The source fluxes were calibrated using a quartz crystal microbalance and additionally calibrated by growing a 6-ML thin film of LaTiO 3 on a (001) STO substrate just before the in situ experiments, whose structure (lattice parameter and thickness) was verified by reflectivity measurements taken at room temperature immediately after cooling the sample. This confirmed that our growth conditions stabilized the perovskite LaTiO 3 phase as opposed to the La 2 Ti 2 O 7 phase observed at higher oxygen partial pressures (54) .
A Pilatus 100K area detector was used to simultaneously measure the specular and diffuse intensities arising from scattering produced by x-rays with spot size given by 300 mm/sin q horizontally and 400 mm vertically, where q is the angle of incidence for the x-ray measured with respect to the sample surface. In performing the high-resolution specular reflectivity measurements, the step edges of the (001) STO substrate were aligned roughly parallel to the plane of incident and scattered x-ray wave vectors, as to project the sub-rods emanating from each Bragg peak because of the surface miscut under a single combined rod. In performing the time scans, the step edges of the (001) STO substrate were aligned roughly perpendicular to the plane of the incident and scattered x-ray wave vectors. This geometry allowed the in-plane component of the momentum transfer, q || , to produce scattering that is directly related to the island correlations on the surface (43) . The time scan measurements were sampled every second.
Density functional calculations
The model surface structures discussed in this work were derived using density functional calculations based on the (linearized augmented plane wave) (L)APW+lo method as implemented in the WIEN2K code (55) . Atomic positions were optimized using the modified PerdewBurke-Ernzerhof functional (PBEsol) (56) implementation of the generalized gradient approximation. A 3D periodic surface slab model was created for each surface structure consisting of seven layers of the STO bulk (with a SrO layer surface termination) plus additional surface layers separated by 12 Å of vacuum, with inversion symmetry. Muffin-tin radii of 2.36, 1.90, 1.53, and 1.35 bohr were used for La, Sr, Ti, and O, respectively. The in-plane lattice parameter of these surface structures was based on the DFT-optimized bulk lattice parameter of STO (3.901 Å). All structures were relaxed until the force per atom, energy, and charge converged to within 0.1 eV/Å, 0.01 eV, and 0.005 e, respectively. The largest reciprocal lattice vector K max used in the plane wave expansion was given by R DFT-constrained fitting of specular reflectivity curves To quantitatively determine the surface structures, the specular reflectivity curves were fit using a modified version of the DFT-constrained fitting procedure described in (36) . In this procedure, a nonlinear leastsquares fitting algorithm was used to allow the atoms to move away from their DFT minimum-energy positions to consider the effect of nonequilibrium processes, and the resulting Debye-Waller factors account for defects and disorder (36) . Extending this approach, simultaneous fits to multiple DFT structures were performed so that both coherently and incoherently averaged linear combinations of the surface structures may be considered. Details of the fit procedure are described in section S2, and measures of the deviations of the fitted atomic positions from the DFT-derived minimum-energy positions and the goodness of fit are listed in tables S1 and S2 for the bare (001) STO substrates and for the thin-film structures, respectively. See the Supplementary Materials for detailed descriptions of the DFT-constrained fitting of the specular reflectivity curves and their fit parameters, additional experimental data, supporting figures, and tables.
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